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Abstract-This paper presents a wireless cardiopulmonary activity 
measurement system. This system generates a continuous wave 
toward a person’s chest set at a distance of 1 m, then reflected to 
the system. Using a vector network analyzer, the phase of S21 is 
computed. The phase variation of S21 contains information about 
cardiopulmonary activity. Several processing techniques are used 
to separate heartbeat signal from cardiorespiratory signal either 
in frequency or in temporal domain. The measurements were 
performed simultaneously with a PC-based electrocardiogram to 
validate the heartbeat rate detection techniques. In conclusion, 
processing techniques used in this paper give accurate results. 
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I.  INTRODUCTION  
Nowadays, contact-less monitoring patient’s heartbeat 
using Doppler radar has attracted considerable interest of 
researchers, especially when the traditional electrocardiogram 
(ECG) measurements with fixed electrodes is not practical in 
some cases like infants at risk or sudden infant syndrome or 
burn victims [1], [2]. According to Doppler effect, a constant 
frequency signal reflected off an object having a varying 
displacement will result in a reflected signal, but with a time 
varying phase [3]. In our case, the object is the patient’s chest; 
the reflected signal of the person’s chest contains information 
about the heartbeat and respiration [1], [4]. The average peak-
to-peak chest motion due to respiration is between 4 and 12 
mm, and due to the heartbeat alone is between 0.2 and 0.5 
mm. Moreover, at rest, the respiration frequency varies 
between 0.1 and 0.3 Hz. Hence, the respiration rate varies 
between 6 and 18 beats per minute (bpm). Moreover, the 
heartbeat frequency changes within the 1 and 3 Hz interval. 
Hence, the heartbeat rate varies between 60 and 180 bpm [1], 
[4]. 
Previous works use systems with fixed frequency and 
power. The first system generates a 9 GHz continuous wave 
and is based on Doppler effect [5]. The detected signal is 
displayed on an oscilloscope. Order 4 Chebychev band-pass 
filter is applied between 0.5 and 1.5 Hz to finally detect the 
heartbeat signal. The detection is done in real time [5], [6]. 
Another system consists of a microwave source, a directional 
coupler, a pump, a mixer, a filter, a digital signal processing 
card PCMCIA having a 12-bit A/D converter and two separate 
pairs of patch antennas for transmit and receive functions [7]. 
In this reference, authors have also reported results with a 
single antenna, using a circulator or a directional coupler.  The 
received signal is converted to baseband using a small portion 
of the signal originated from the local oscillator. The hardware 
filters for heart pattern can be bulky using digital signal 
processing. To determine rates, peak detection method is used. 
Fig. 1 presents the schematic of the system. 
 
Figure 1.  Measurement system with a single antenna [7]. 
Recently, a system was designed for heartbeat detection 
with the ability of tuning both frequency and power in order to 
separate the heart and respiration signals [1], [4], [8]. The 
simplicity of the system installation is useful in order to 
determine the optimal frequency with the minimum power 
before the implementation process; this feature does not exist 
in the previous systems [1], [5]. The elimination of low 
frequencies of the received signal is applied especially 
because breathing amplitude is greater than heartbeat 
amplitude. To remove the low frequency which represents the 
breathing frequency, high-pass filter (HPF) or band-pass filter 
(BPF) could be applied. Several kinds of digital filters can be 
used in this case, such as finite impulse response filter (FIR) 
or infinite impulse response filters (IIR). Filter properties are 
determined by the number and the values of its coefficients 
and the filter order. The properties of the frequency response 
of these filters include the cutoff frequency, the steepness of 
the transition between the pass-band and stop-band, and the 
amount or ripples in the pass-band and stop-band. In addition, 
wavelet transform was recently applied to extract the heart rate 
with high performance. Two types of wavelets can be used: 
‘Discrete Wavelet Transform’ and ‘Continuous Wavelet 
Transform’. In our system, ‘Discrete Wavelet Transform’ 
(DWT) is used. DWT is computed by successive low-pass and 
high-pass filtering of the discrete time-domain signal. There 
are different families of wavelets. This makes different trade-
offs between how compactly the basic functions are localized 
in space and how smooth they are. Each family of wavelets 
has subclasses distinguished by the number of coefficients and 
by the level of iterations [1]. 
All these methods are applied to mathematical models where 
heartbeat and respiration signals are mixed. In this work, real 
measurement data of human body’s chest movement are 
performed. The person is sitting in front of the Doppler radar 
at one meter. In order to validate the used signal processing 
method, on-body ECG measurements are also performed 
using the same start time. Previous work on real 
measurements were made by cutting the breath, and then 
compared to the ECG [9]. In the present work, breathing will 
be considered. The rest of the paper is organized as follows: 
description of the proposed microwave system is presented in 
Section II. The heartbeats detection in frequency domain is 
shown in Section III. Section IV shows the obtained results of 
the heart beats detection in the time domain. Finally, the 
conclusion is given in Section V. 
II. SYSTEM DESCRIPTION 
The used system is based on a Vector Network Analyzer 
(VNA) and two horn antennas. The VNA has several features, 
and the ability of tuning both frequency and power of the 
transmitted signal. Moreover, it measures the time variation of 
the phase of the transmission coefficient S21. This phase 
corresponds to the difference between the phase of the 
received and the transmitted signal. This installation is useful 
in order to determine the optimal frequency with the minimum 
power before implementation process. The VNA generates a 
Continuous Wave (CW) signal at 5.8 GHz. The emitted power 
is 0 dBm and the antenna gain is 11 dB. The reflected signal 
that carries chest information is received by the Rx antenna 
and fed back into the VNA where the phase of S21 is computed 
[1]. A 27 years old person is sitting in front of the system at a 
distance of 1 m. The sampling frequency is 1250 Hz; the 
measurement is realized in 16 seconds. The person is 
breathing normally. To validate the proposed system, ECG 
measurements are started simultaneously with the system 
measurements and then compared. Fig. 2 presents the contact 
less system and the contact ECG system. Fig. 3 presents the 
detected phase variation of S21 signal. Note that after the FFT 
transform of the signal, we obtain 0.1875 Hz as respiration 
frequency, and hence the respiration rate is about 11.25 bpm. 
In this work, heartbeat rate is extracted in time domain and 
frequency domain in order to separate the respiratory signal 
from heartbeat signal. To extract heartbeat rate in temporal 
domain, peak detection is used after applying high-pass filter 
and smoothing. Moreover, band-pass filter can be applied. In 
frequency domain, after FFT operator high-pass filter is used. 
The maximum value between 0.5 and 3 Hz corresponds to the 
heartbeat rate frequency. 
 
Figure 2. Proposed measurement setup. 
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Figure 3. Phase of the S21 signal. 
 
III. HEARTBEAT DETECTION IN FREQUENCY DOMAIN 
Fig. 4 shows the results of Fast Fourier Transform (FFT) 
applied to the received signal. Note that ‘0.1875 Hz’, which 
represents the position of the peak that has the maximum 
amplitude, is the respiratory frequency. However, the problem 
of heartbeat’s low amplitude exists, and hence the detection of 
the heartbeat frequency is quite difficult. To detect this 
frequency, high-pass filter (HPF) is applied with 0.9 Hz as 
cut-off frequency. The high-pass filter is a Butterworth filter 
with order 4. Fig. 5 shows the results of applying Fast Fourier 
Transform (FFT) to the received signal after the high-pass 
filter. A value of 0.9 Hz is chosen as cut-off frequency, 
because it eliminates respiratory frequencies and provides at 
its output the heartbeat frequencies. The position of the peak 
with the maximum amplitude represents the heartbeat 
frequency. The value of detected heartbeat frequency is 1.188 
Hz which corresponds to 71 bpm. 
In parallel, ECG is used to verify the measurements 
accuracy. The sampling frequency of the ECG is 360 Hz. Peak 
detection was applied to the signal. 18 peaks were detected 
from the ECG signal. The obtained frequency of the heartbeat 
is 1.19 Hz, corresponding to 71 bpm. Fig. 6 presents the peak 
detection of the ECG signal. The value detected from the 
contact-less system is close to the heartbeat frequency 
detected from the ECG. This value gives 99% accuracy. 
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Figure 4. FFT of the phase of S21. 
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Figure 5. FFT of the phase of S21 after high-pass filter. 
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Figure 6. Peak detection of the ECG signal. 
IV. HEARTBEAT DETECTION IN TIME DOMAIN 
To detect heartbeat rate in time domain, filtering of the 
phase of S21 is applied, followed by peak detection. Fig. 7 
presents the peak detection after applying 4-order Butterworth 
band-pass filter, having 0.9 Hz and 2 Hz as cutoff frequencies: 
0.9 Hz eliminates respiratory frequencies and 2 Hz eliminates 
high-frequency noise. Thus, the heartbeat frequencies are 
obtained at its output. After applying peak detection to the 
filtered signal, 1.17 Hz is obtained as heartbeat frequency 
which represents 70 bpm. On the other side, smoothing 
method is needed when applying high-pass filter to the phase 
of S21. 
Therefore, the high-pass filtered signal is smoothed by a 
MATLAB function. This function uses sliding average of 
length N. Sliding average takes the average of every N 
consecutive samples of the waveform. After trial, the length of 
the window ‘N’ is chosen to be 200 as an optimal value for 
higher accuracy detection, then peak detection is applied. Figs. 
8 and 9 present the peak detection before and after smoothing 
method applied to the high-pass filtered phase of S21. A 4-
order Butterworth filter is used, having 0.8 Hz as cutoff 
frequency. 
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Figure 7. Peak detection after band-pass filtered phase of S21. 
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Figure 8. Phase of S21 after applying high-pass filter. 
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Figure 9. Peak detection of the phase of S21 after applying high-pass filter and 
smoothing. 
Several filters with different parameters are applied to get 
the heart-beat rate. These results are compared with the similar 
ones obtained from the ECG signal used as reference. ECG 
gives 1.19 Hz as heartbeat frequency and 71 bpm.  Heartbeat 
frequencies ‘HBF’, heartbeat rates ‘HBR’ and accuracies 
‘Acc’ of filters are summarized in Table 1. 
 
 
 
 
 
Filter 
type 
 
Butter 
BPF 
N=4; 
Fc1=0.8 
Hz; 
Fc2=2 
Hz. 
 
Butter 
BPF 
N=4; 
Fc1=0.9 
Hz; 
Fc2=2 
Hz. 
  
 
Butter 
HPF 
N= 4; 
Fc=0.9  
Hz. 
with 
smoothing 
 
Butter 
HPF 
N= 4;  
Fc = 0.8 
Hz. 
 with 
smoothing 
 
Butter 
HPF 
N= 4;  
Fc = 0.9 
Hz. 
without 
smoothing 
 
Butter 
HPF 
N= 4; 
Fc = 0.8 
Hz. 
without 
smoothing 
 
HBF 
Hz 
 
1.17 
 
1.168 
 
1.169 
 
1.175 
 
1.172 
 
1.036 
 
HBR 
bpm 
 
70 
 
70 
 
70 
 
70 
 
70 
 
62 
 
Acc 
% 
 
98.3 
 
98.1 
 
98.2 
 
98.7 
 
98.4 
 
87 
TABLE 1: HEARTBEAT RATES USING HIGH-PASS FILTER AND BAND-PASS 
FILTER WITH AND WITHOUT SMOOTHING. 
 
Accuracy is calculated by the following relation: 
 
As conclusion, the result obtained from the smoothed high-
pass filtered phase of S21 is more accurate than the result 
obtained from non-smoothed high pass filtered phase of S21, 
especially because smoothing eliminates noise. Smoothing 
method is not necessary for band-pass filtered phase of S21 
because noise is already eliminated by the second cut off 
frequency. Smoothed high-pass filtered phase of S21 and band-
pass filtered phase of S21 give accurate results. 
V. CONCLUSION 
Recently, heartbeat rate detection has attracted interest of 
researchers, especially when traditional electrocardiogram 
(ECG) measurements with fixed electrodes cannot be 
achieved. The system used in this work generates a continuous 
wave toward a person’s chest, and detect the reflected one. 
Using vector network analyzer, the phase variation of S21 that 
carries respiration and heartbeat signals is computed. The 
vector network analyzer was used to determine optimal 
frequency with minimum power before implementation 
process. Filtering method is used to separate heartbeat signal 
from the phase of S21, then peak detection is used to extract 
the heartbeat rate. The signal processing methods used in this 
study were applied to real measurements and the obtained 
results were compared to those given by the ECG taken as 
reference. Future applications intend to study the heartbeat 
rate variability HRV obtained from the extracted heartbeat 
signal and validate the method on measured signals from the 
person on test. 
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